[1] Increasingly available high-resolution topographic data from remote sensing motivates the search for topographic features that predict abiotic controls on the distribution and performance of biota. We investigated the extent to which periphyton distribution and stream ecosystem metabolism in a steep upland river drainage network could be predicted from physical conditions that varied with local topography. During the summers of 2003 and 2004, we measured periphyton standing crops and gross primary production and ecosystem respiration rates along a 5 km reach of the South Fork Eel River and six of its tributaries in northern California (39°44 0 N, 123°39 0 W). We also measured wetted stream width (B), cross-sectionally averaged stream velocity (U), and streambed photosynthetically active solar radiation (PAR) at each site to investigate the degree to which periphyton abundance and metabolism were related to these indicators, which in turn are partially predictable from models relating environmental parameters to the topographic settings. Dimensional analysis, a technique widely used in the field of fluid mechanics, was used to investigate how biotic and abiotic variables may be interconnected in stream environments. Nondimensional groups of variables were formulated on the basis of our field estimates of chosen biotic and abiotic variables. Periphyton biomass was controlled by B 9/5 , exposure to light PAR 1/5 , nutrient concentration N 5/6 , and inverse stream depth H À5/6 and U À1/2 . The autotrophic-heterotrophic balance, quantified by the gross primary production to ecosystem respiration rate, scaled with the stream aspect ratio (B/H) 3 = 5 and Peclet number Pe = (UB/u * H) 3 =10 , where u * is the shear stress velocity. The scaling relationships were validated against reported field measurements from other geographical areas. The results show nonlinear dependencies among periphyton biomass, stream metabolism, and abiotic variables. These nonlinear relationships point to a need for detailed quantification of biotic and abiotic variables over a range of scales. 
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Introduction
[2] Abiotic and biotic factors both limit the accrual and metabolism of primary producers, notably photosynthetic organisms, in stream periphyton [Hynes, 1970; Finlay et al., 1999; Dodds and Biggs, 2002; Wellnitz and Rader, 2003; Müllner and Schagerl, 2003; Biggs et al., 2005] . Abiotic controls of periphyton include fluid flow (magnitude and variability) across a range of scales [Biggs et al., 1999a; Clausen and Biggs, 2000; Biggs and Smith, 2002] , nutrient supply [Biggs, 2000; Dodds and Biggs, 2002; Opsahl et al., 2003] , and photosynthetically active radiation (PAR) [Power, 1984; Biggs et al., 1999b; Trudeau and Rasmussen, 2003; Bernhardt and Likens, 2004; Hillebrand, 2005] . The relationships between these factors and ecological responses have proven complex, and highly nonlinear. For example, fluid motion can facilitate periphyton accrual by enhancing nutrient uptake and removal of waste compounds [Whitford and Shumacher, 1964; Hondzo and Wang, 2002] . Above certain velocities, however, periphyton becomes detached and exported downstream [Fisher et al., 1982; Biggs et al., 2005] . The inherent high spatial and temporal variability of the diverse abiotic variables that control algae, as well as their strongly nonlinear impacts on organisms and assemblages, make quantifying physical controls of biota across real landscapes extremely challenging.
[3] In channel networks, water motion is responsible for carving out streambeds as well as influencing the distribution of species and their taxonomic composition. Organisms present in streams are subject to an array of fluid flow variables including drag forces, velocity gradients, and associated mass transfer processes [Hart and Finelli, 1999] . Not only do these variables change spatially, as a consequence of changing channel morphology, they also vary temporally. Unless overridden by biotic controls, such as grazing, physical factors influencing growth should partially predict algal biomass. Periphyton in turn is a major control of stream metabolism [Gordon et al., 2004; Mulholland et al., 2005] , and consequently disturbances on watershed or stream reach scale not only impacts periphyton accrual, but also stream metabolism as a whole. Algal photosynthetic activity is responsible for reducing the oxygen deficit present in aquatic systems, and maintaining adequate dissolved oxygen (DO) concentrations, which is paramount to sustaining viable lotic ecosystems.
[4] In stream ecosystems, abiotic factors vary over an environmental template [Southwood, 1977] that is shaped both by channel and valley geomorphology and by large riparian vegetation and woody debris [Hynes, 1975; Maser and Sedell, 1994; Gran and Paola, 2001; Tal et al., 2004] . We can now evaluate this template at spatial scales relevant to organisms using advanced remote sensing technologies such as airborne laser swath mapping [Clark et al., 2004; Morris et al., 2005; Dietrich and Perron, 2006] . Motivated by these increasingly available spatial and temporal mapping and sensing technologies [Power et al., 2005] , we investigated relationships between landscape position, local abiotic conditions and periphyton biomass, gross primary production (P), ecosystem respiration (R), and autotrophicheterotrophic balance, quantified by P to R ratio (P/R) in a river drainage network. Field measurements were conducted during summer base flow periods with stable streambed conditions when abiotic variables affect the supply of light and nutrients available to periphyton. We used dimensionless analysis to investigate scaling relations between periphyton biomass plus stream metabolism and abiotic environmental variables. The method uses knowledge of the dominant parameters to develop functional relationships and identify key parameters governing a functional dependence between biotic and abiotic variables. The power of applying dimensionless analysis was that it acts as a guide for generalizing the complex interaction of how physical, biological and chemical process could be interconnected in stream environments.
Materials and Methods

Study Site
[5] The Angelo Coastal Range Reserve encompasses 5 km of the South Fork of the Eel River and six of its tributaries in Mendocino County, California (Figure 1 ). The steep upland watershed supports a mixed deciduous and conifer forest, dominated by Douglas fir (Pseudotsuga menziesii) and tanoak (Lithocarpus densiflora), with redwoods, white alder (Alnus rhombifolia) and Oregon ash (Fraxinus latifolia) confined largely to the river corridors, and riparian zones. The region's Mediterranean-type climate has an annual precipitation of $215 cm that falls almost entirely in the winter months [Mast and Clow, 2000] . Stream discharges are high in the winter and decline to stable summer base flows. Consequently, along the main stem South Fork Eel, the forest is generally set back from the edge of the summer inundated channel (10 -30 m wide) by cobble bars that are kept open by high flows in the wider (50 -100 m) winter active channel. Detailed airborne laser altimetry data were available for the entire watershed (W. E. Dietrich, National Center for Earth-surface Dynamics and National Center for Airborne Laser Mapping, unpublished data, 2007) and were used to quantify elevation, gradients, and drainage areas of channels at sampled sites. During summer base flows, the streams within the Angelo Coast Range Reserve are clear, have high DO concentrations, low to moderate nutrient and dissolved organic carbon concentrations, and high productivity in sunlit areas [Finlay, 2004] . We sampled sites with drainage areas from 0.5 to 275 km 2 and mean stream slopes from 0.001 to 0.14, which allowed us to investigate a wide range of fluid flow and light conditions associated with contrasting habitat structure (Table 1 and Figure 1 ).
In-Stream Measurements: Biomass
[6] Periphyton biomass was assessed in terms of chlorophyll a content, ash free dry weight (AFDW) and taxonomic composition. Three samples were collected along crossstream transects at each sample location (Figure 1 ) from the left and right banks and the channel centre. Periphyton was scraped off of 8.0 cm 2 of randomly selected stream substrate. Samples were immediately preserved in Lugol's solution and analyzed later in the laboratory. For AFDW, samples were dried to constant weight at 105°C weighed, then combusting at 500°C for one hour. The ash residue weight was subtracted from dry weight to obtain AFDW measurements. Chlorophyll a was determined spectrophotometrically using 90% acetone extraction [American Public Health Association (APHA), 1998]. Periphyton producers were identified under 400Â magnification.
In-Stream Measurements: Nutrients
[7] Water samples were collected at the same time and place as the periphyton samples. Samples were filtered (Millex-HV with a 0.45 mm pore size) and analyzed for nitrate (NO 3 ), ammonium, and soluble reactive phosphorus (SRP) concentrations using the Cd reduction, phenate, and ascorbic acid methods (4500 NO 3 ÀF, 4500 NH 3 -G, 4500 P-G, respectively) [APHA, 1998 ] on a Lachat QuickChem 8000 flow injection analysis automated ion analyzer (Hach Company, Loveland, Colorado, United States).
In-Stream Measurements: Abiotic
[8] Stream cross-sectional areas were measured every 10 to 100 m along reaches ranging between 100 to 500 m in length. Cross sectional measurements of the fluid flow and streambed topography were made using a threedimensional StreamPro acoustic-Doppler current profiler (RD Instruments, San Diego, California, United States), where a minimum of three transects per cross section were performed. In narrow shallow water channels (less than 20 cm deep), vertical point velocity profiles were made, along the cross section, using a two-dimensional flow tracker acoustic-Doppler velocimeter (ADV), Sontek YSI Inc., San Diego, California, United States). For these locations wetted stream width was collected with a measuring tape and every 10 cm along the width the depth was recorded. Hydrolab water quality probes (DataSonde 4a, Hach Environmental) were placed on the streambed and used to record the PAR, temperature, pH, and DO concentration at the sampling locations. The data were recorded every 5 min over a 48-hour measuring period.
Metabolism Calculations
[9] An array of different approaches to estimating stream metabolism exists [Bott, 1996; Mulholland et al., 2001 Mulholland et al., , 2005 Wang et al., 2003; McBride and Chapra, 2005; Webster et al., 2005; Bott et al., 2006; Colangelo, 2007] . The estimation methods are based on the fundamental signature of the DO concentration, as the photosynthetic activity of primary producers releases oxygen. Measuring changes in DO overtime, at a particular stream location, captures the decrease (attributed to respiration) and increase (ascribed to primary producers and gas exchange across the air-water interface) of DO with different water temperatures.
[10] The DO and temperature data we collected enabled calculations for the estimated P (gross primary productivity) and R (ecosystem respiration) rates of the various river reaches [Odum, 1956; Mulholland et al., 2001; Wang et al., 2003] . Algae and other aquatic plants are responsible for P, while R measures the rates of respiration by aquatic plants, algae, fish, invertebrates, and microbes. Volume-based estimations of the metabolic rates were obtained using the ''delta method'' described by Chapra [1997] . The delta method is based on a mass balance model of diurnal DO measurements and uses stream velocity, reaeration coefficient and a graphical representation of the DO deficit. The reaeration coeffi- cient, taken to be independent of photosynthesis and respiration [McBride and Chapra, 2005] , was calculated from average stream depth and cross-sectional averaged velocity using the empirical approach of Owens-Edwards-Gibbs [Owens et al., 1964; Chapra, 1997] . This relation was chosen as it was developed and tested in shallow streams (0.12 -0.73 m depth) and is recommended at sites with relatively low reaeration rates (<50 d
À1
) [Young et al., 2004] . These conditions were closely matched at our field site. In the absence of propane tracer data the selection of this equation was more applicable to our study site than calculating reaeration on the basis of the photoperiod alone [McBride and Chapra, 2005] or the O'Connor-Dobbins formula which is appropriate for deep streams with moderate to low flow [Chapra, 1997; Webster et al., 2005] . Single station diurnal DO measurements provided minimum and maximum DO values, with minimum occurring before solar noon and maximum after solar noon, but before sunset (Figure 2 ). The diurnal DO profile depicted high variability with minimum at 9 a.m. and maximum around 6 p.m. Since U, H, and B were constant during the diurnal measurements, the DO profile depicts strong biotic signatures during the measurements. Additionally the delta method requires the calculation of the DO deficit, that is the difference between measured and saturated DO concentration (Figure 2 ). Calculation of the expected saturated DO concentration includes the dependence of oxygen saturation on temperature and pressure (based on exact elevation of the sample site). The difference between measured and expected DO forms the basis for the estimated daily P and R rates.
[11] The effect of groundwater input to streams can bias estimates of P and R [McCutchan et al., 2002] . Groundwater influence and hyporheic flow were negligible at our study site. Vertical hydraulic gradients were only detectable in Elder Creek and ranged between +0.10 and À0.06 in upwelling and downwelling regions, respectively [O'Connor et al., 2006] .
[12] The single station diurnal profiles of DO saturation deficit are good indicators of stream P and R rates, and are useful for comparison of metabolism among streams [Mulholland et al., 2005] . The rate of change of DO in a stream is correctly represented by the Stokes total time derivative, which is defined for one-dimensional flow as
Single station diurnal DO measurements at a fixed point in the stream provide an estimate for @C DO @t . These measurements are depicted in the Eulerian reference frame. The corresponding estimates of P and R integrate metabolic activities in the proximity of the measuring point, @C DO @x % 0, where abiotic controls on P and R should be locally measured. The evaluation of spatial gradient, @C DO @x , requires a two station DO measurements, which consequently makes the estimation of DC DO Dt possible.
Dimensional Analysis
[13] Dimensional analysis is a conceptual tool developed in the field of fluid mechanics to understand functional dependencies among different variables that influence a particular process. The purpose of the analysis is to formulate useful dimensionless groups of variables to describe the process and to establish a basis for similarity between the processes at different time and space scales [Potter et al., 2002]. Knowledge of the process is required to identify the governing dependent and independent variables and to express a functional relationship with the variables in question. Only by applying data can the generated groupings be given a functional format and provide scaling relationships for the dependent variables.
[14] For example, prior conceptual knowledge allows us to hypothesize that periphyton biomass (C, mass per area (M L À2 ), Table 2 where f 1 is an unknown function. All variables outlined in (1) were measured in situ, with the exception of the grazing rate (G). G was derived from grazer exclusion experiments in tributaries with drainage areas spanning the range of 1 -20 km 2 where a correlation has been established between removal rate and drainage area [McNeely and Power, 2007] . An experimental strategy for finding the dependence of periphyton biomass on these variables could be to fix all variables except one (e.g., the velocity) and investigate the dependence of periphyton biomass on the velocity [e.g., Hondzo and Wang, 2002] .
[15] Any equation that relates a certain set of variables, such as equation (1), can be written in terms of dimensionless variables. There are several conceptually similar procedures that can be used to determine dimensionless variables; one of the simplest is the Rayleigh method [Brodkey and Hershey, 1988] . If all the selected variables in equation (1) are raised to an as-yet unknown power, multiplied together and placed on the left-hand side of equation (1), then the grouping of variables should be equal to a constant that has no dimensions
Equation (2) can be rewritten in terms of corresponding dimensions (Table 2) 
If equation (3) is to have no dimensions on the left-hand side, the sum of a given dimension's power should be zero; therefore
There are eight unknowns in equation (4), which correspond to the eight starting variables in equation (1). A key theorem in dimensional analysis, the Buckingham Pi theorem, states that a physically meaningful equation with n physical variables that can be expressed in terms of k independent fundamental physical dimensions, the original expression is equivalent to a set of p = n À k dimensionless groups constructed from the original variables. In our case n = 8 and k = 3, therefore five dimensionless groups are needed. Equation (4) can be solved in terms of five of the unknowns, we are considering how C a (i.e., periphyton) is affected, and the variables are written
substituting e and b gives :
Therefore equation (2) becomes
By grouping variables that share exponents the five dimensionless groups are obtained
Equation (7) suggests dimensionless periphyton concentration, i.e., concentration normalized by (U 3 /B/PAR), is a function of four dimensionless groups. The function (f 2 ) is unknown and must be determined using field or laboratory measurements. A physical interpretation of equation (7) is that normalized periphyton concentration is determined by interactions of four dimensionless groups of variables. Dimensionless groups share the important property of dimension independence and therefore the comparison of dimensionless groups under different space scales and timescales is facilitated. The process of dimensional analysis differs to statistical correlation and attempts to attribute cause/effect properties to the variables chosen in the starting analysis (equation (1)). 
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[16] Because of the interdependency of periphyton biomass and stream metabolism, dimensionless analysis was also conducted on the P and R rates. For P the chosen influential variables were P ¼ f 3 C; U; B; H; c p ; T w ; PAR; u * À Á
where u * = (g HS) 0.5 is the shear stress velocity, S is the stream slope, c p is the specific heat of water, and T w is the water temperature (Table 2) . Water temperature is recognized as influencing metabolic rates [Uehlinger et al., 2000; Biggs et al., 1999a] and for unit conformity c p was included. Nutrient concentrations (notably nitrogen and phosphorus) are known to influence biomass of photosynthetic organisms [Biggs, 2000; Dodds and Biggs, 2002; Opsahl et al., 2003] , albeit with time lags; that is, high algal biomass may lower dissolved nutrients in ambient water by uptake, such that an instantaneous measurement may not detect a positive correlation of the two variables. Our periphyton biomass term, C, likely reflects the past availability of nutrients from which the photosynthetic organisms were constructed. From equation (8), five dimensionless groups can be formed
For R the chosen variables considered influential were written as R ¼ f 5 C; A w ; T w ; c p ; U; B; H À Á
where A w is the drainage area. Four dimensionless groups are possible from equation (10)
[17] The P/R ratio was determined by the division of the variables in equation (9) and equation (11) The functional relationships were verified using field measurements collected at the Angelo Coast Range Reserve (Table 1 ) and are presented in the following sections. For each case the dependent dimensionless groupings (i.e., left side of equations (7) and (12)) were correlated against the log-transformed independent dimensionless groups (i.e., right side of each equation) using the SPSS Inc. [2001] multiple linear regression analysis. The independent dimensionless groups that had a significant correlation with the dependent dimensionless group, as measured by the Pearson index, and the groups that were statistically independent were retained for graphical presentation. A best fit functional relationship was set to the data, where the powers for each grouping were obtained from the multiple linear regression analysis.
Results
Field Data: Periphyton Biomass
[18] Periphyton was sampled toward the end of the growing period (late July to early August) in 2003 and earlier before biomass peaked (late May to early June) in 2004. Periphyton in tributaries of the South Fork Eel River: Fox Creek, Elder Creek, and Jack of Hearts Creek, were diatom dominated while most periphyton biomass in the main stem South Fork Eel was made up of filamentous green algae (dominated by Cladophora glomerata). The cross-sectional stream averages and variability of the different biomass values and abiotic variables including U, T w , B, H, S, PAR, SRP, and NO 3 are listed in Table 1 . Channel width and depth depicted high spatial heterogeneities with the coefficient of variation 0.6. Periphyton biomass had a 1.2 coefficient of variation. Light availability generally increased downstream with drainage area and stream width, as in most rivers [Vannote et al., 1980] . Both AFDW and chlorophyll a measurements indicated periphyton biomass increased with drainage area (Figure 3) , though locally the two forms of biomass measurement assisted in data interpretation. The Jack of Hearts Creek tributary had a low biomass based on chlorophyll a analysis, but a moderate level of organic matter based on the AFDW, suggesting more organic detritus at this site than elsewhere in the drainage network. Periphyton biomass per unit streambed area, as characterized by AFDW, was unevenly distributed as indicated by high, moderate, and low biomass concentrations in Figure 1 . The biomass from chlorophyll a content (ranging from 0.46 to 36.24 mg/m 2 ) increased with PAR to the one third power, but was not significantly correlated with U, SRP, and NO 3 (Figure 4 ).
Dimensional Analysis: Periphyton Biomass
[19] We used dimensional analysis to ascertain dominant functional relationships between the environmental variables postulated to control periphyton abundance. Each dimensionless grouping from equation (7) was log transformed and multiple linear regression analysis was performed on the data set. Two dimensionless groups were significantly correlated with the dependent dimensionless group, and were statistically independent from each other. The dimensionless groups that were not significantly correlated with the dependent group were excluded from the analysis. Aquatic grazing rates were excluded because they are highly variable both seasonally and spatially throughout the basin area [McNeely, 2004] , and the uncertainty of estimating G eliminated the term (GB/U) from the analysis. Therefore our relationships pertain to the residual periphyton biomass (and metabolic activity) that remains after losses to grazers. The functional format of equation (7) with the powers for each dimensionless group obtained by the multiple regression analysis was
A functional dependence between ( =6 is depicted in Figure 5 . The proposed functional dependence explained 77% of the variability in the data. Periphyton biomass, C (measured as chlorophyll a), equals
From (14) the biomass scaled as
[20] Compilation of the powers to which each variable was raised provided the above expression and implied chlorophyll a concentration scaled to B 9/5 , PAR 1/5 , N 5/6 , the inverse of stream U to the 1/2, and the inverse of H to the 5/6. Both SRP and NO 3 measurements were examined as possible nutrient indicators in the functional format of equation (7). Regression analysis revealed SRP concentrations (r 2 = 0.77) better depicted variability of periphyton biomass than NO 3 (r 2 = 0.63); consequently SRP measurements were used in generating Figure 5. 
Field Data: Metabolism
[21] Stream metabolism (P and R) increased nonlinearly with drainage area (Figure 6 ). Sampling was conducted at different stages of the growing season in 2003 and 2004, resulting in differing metabolism measurements for similar drainage areas. The low chlorophyll a measurement at Jack of Hearts Creek, corresponded with a low gross primary productivity estimate. The P/R ratio was generally less than one, which could indicate either heterotrophy with significant organic matter inputs from the watershed, or the decomposition of autochthonous (algal) biomass generated earlier in the season. Observations of high algal biomass, and the lack of conspicuous terrestrial litter accumulations, supported the latter interpretation for the main stem channel P/R ratios.
Dimensional Analysis: Metabolism
[22] The field estimates of P/R ratios were applied to the proposed dimensionless groupings of equation (12). The highest correlation was estimated between P/R and B/H dimensionless group with the Pearson's r = 0.77 (p 0.01). The correlation between P/R and U/u * was r = 0.64 (p 0.01). The functional format of P/R versus B/H and U/u * was obtained by multiple regression analysis (Figure 7) . The proposed functional dependence explained 62% of the variability in the data with the following relationship
Equation (16) was rewritten and simplified to
where Pe = U B u * H is the Peclet number. This dimensionless number represents the ratio of net oxygen transport by advective fluid flow over a characteristic length scale, B, to dispersive transport of oxygen across the channel cross section ($u * H). This scaling revealed stream aspect ratio (B/H), which also can be interpreted as a cross-sectional ''shape'' coefficient, and the corresponding ecosystem Peclet number to be significant abiotic controls in determining the dominance of heterotrophy or autotrophy of a stream ecosystem. Indeed Biggs et al. [2005] describe a switch from heterotrophy to autotrophy in the Taieri River (South Island, New Zealand) during periods of low flow when reductions in bed disturbances were observed. In studying the Daly River, Townsend and Padovan [2005] found maximum biomass of Spirogyra filaments was limited by shear stress velocity that caused sloughing. . Nutrient concentration (N) is based on SRP, and periphyton biomass (C) is in terms of chlorophyll a content. Webster et al. [2005] also studied the heterotrophic Daly River and showed that photosynthesis increased steadily at the end of the high-flow period. The importance of channel form and hydraulic conditions on river ecosystem metabolism are known [Uehlinger et al., 2000; Petts, 2000; Mulholland et al., 2001; Biggs et al., 2005] , and equation (17) provides a scaling relationship of the drivers governing the balance between autotrophic and heterotrophic processes. Stream aspect ratio and Peclet number propose a scaling relationship for our chosen influential abiotic variables.
Comparison With Other Studies
[23] Four studies [Biggs et al., 1999a; Uehlinger et al., 2000; Mulholland et al., 2001; Wang et al., 2003] were selected to validate the scaling of proposed functional relationships. All three studies investigated the P and R rates of a variety of streams and rivers. Wang et al. [2003] sampled two rivers in Indiana (United States) from July to September. Mulholland et al. [2001] had eight study sites in North America covering a diverse set of physical, chemical and biological conditions (e.g., desert to temperate streams). Biggs et al. [1999a] conducted their study on the South Island of New Zealand. Overall, these studies represent a wide range of latitudes, climates regimes, drainage areas, and ecosystems.
[24] Mulholland et al. [2001] reported periphyton biomass (AFDW) in streams distributed over a large geographic range where they are exposed to a variety of climatic conditions. These data (Figure 8 ) are well fit by the scaling relationship proposed by equation (13), which was derived from our data on Eel River watershed conditions and periphyton concentrations. The scaling exponents remained unchanged while the multiplying coefficient was changed to reflect conversion between biomass concentration quantified by chlorophyll a content ( Figure 5 ) versus biomass concentration quantified by AFDW (Figure 8) .
[25] Data on P and R rates from these four studies plotted reasonably well with data from our study proposed by equation (17) (Figure 9 ). The scaling of P/R ratio corroborated with the reported measurements. The groupings provided the following functional relationship:
These other studies encompassed a wider range of field conditions. When scaled according to the proposed groups, however, the best fit functional relationship matches the data estimated in this study. trations (measured as AFDW). Because of the variation in channel topography and stream hydraulics at sample locations a single controlling variable was not identified (Figure 4) . From previous studies [Biggs et al., 1999b [Biggs et al., , 1998 ] it is apparent that fluid flow, light levels and nutrients are all important factors influencing periphyton biomass accumulation. The relative strengths of these parameters in controlling periphyton biomass have been difficult to quantify.
Dimensional analysis initially gives equal weighting to each physical variable on which biotic responses depend. Field data are then applied to determine the strength of a given variable listed in the dimensional groupings. It was necessary to make certain assumptions, particularly the omission of the grazing rate. Herbivory is a complex parameter varying temporally for each location, hence the term (GB/ U) was not used in developing scaling relationships and we concentrated on abiotic parameters. Therefore our empirical predictions, based only on immediate physical conditions, will underestimate periphyton biomass that would accrue without losses to grazers, particularly in locations with intense grazing activity.
[27] Individual variables, with the exception of PAR, were uncorrelated with periphyton biomass (measured as chlorophyll a) (Figure 4 ). Grouping these variables using dimensionless expressions provided more predictive power than PAR alone (Figure 5 ), because the independent variables of Figure 5 include PAR plus nutrients, stream morphology and fluid flow velocity as mechanisms controlling periphyton biomass (measured as chlorophyll a). The scaling relationship for biomass (equation (15)) indicated increased stream width is linked to increased periphyton biomass. Bank width is correlated to light levels as wider channels are less shaded by riparian vegetation. Rounick and Gregory [1981] studied eight locations and found open sites supported higher periphyton, in terms of chlorophyll a, than shaded sites. Canopy cover at the Angelo Coast Range Reserve ranged from 39.0% (South Fork Eel) to 97.0% (Fox) closed [Finlay, 2003] . While increasing light levels facilitates photosynthesis, extreme levels damages the pho- Figure 7 . Autotrophic-heterotrophic balance quantified by P to R ratio versus abiotic dimensionless groups. Figure 8 . Comparison of present study with other studies [Mulholland et al., 2001] for periphyton biomass (C expressed as AFDW) versus abiotic dimensionless groups of abiotic predictor variables, where ACRR refers to the Angelo Coastal Range Reserve. tosynthetic apparatus [Buchanan et al., 2000] and this could be one explanation for C scaling to PAR to the one fifth power, yet to the square of average stream width. Stream width, in forested canopy covered streams, can be interpreted as a determinant of PAR availability.
[28] Periphyton biomass depended on reciprocal stream average velocity, suggesting that high U values and associated high bed shear stresses were not favorable to biomass accrual. This is coupled to the fundamentals of periphyton being a community of organisms attached to a substrate on the streambed. The beneficial effects of currents, notably increased mass transfer [Opsahl et al., 2003] , applied early in the growth season when periphyton was in a more active growth phase. Strong stream fluid flow velocities heighten the risk of periphyton sloughing. With increasing water depth light is attenuated and may explain why C scaled with reciprocal stream depth.
Stream Metabolism
[29] Gross primary productivity (P) and ecosystem respiration (R) were estimated from single station measurements of diurnal DO concentrations, and in general 2004 had a lower P value than 2003. Biggs et al. [1999a] also reported a seasonal difference where the summer maximum photosynthetic rate (P max ) was seven times greater than the spring P max ., and found that P max also increased with temperature. Temperature may also have played a role in our study, as on average in 2004 water temperature was 5°C cooler than
2003. This year-to-year variation was apparent from P/R ratios where values for a given drainage area differed depending on the measurement date (Figure 6c ).
[30] Scaling of P/R showed B, H, and Peclet number primarily influenced stream metabolism. Bank width strongly influenced P, not surprising as in situ primary production is greater for open canopy as compared to closed canopy locations [Allan, 1995; Mulholland et al., 2001] This exposure facilitates the development of large periphitic mats that consume and produce oxygen, accounting for the P/R ratio scaling with B. Streams of the Angelo Coastal Range Reserve flow over bedrock, and have limited hyporheic zones [O'Connor et al., 2006] ; therefore transient storage was accounted for indirectly through B, H and U. Increased u * exposes periphyton communities to increased drag leading to biomass removal, therefore it is an important parameter to include. Indeed, Biggs and Stokseth [1996] report increased velocity negatively impacted the periphyton community, as increased shear stress increased the export rate of organic material. Townsend and Padovan [2005] state drag on filaments of periphyton exceeded tensile strength and led to removal. The P/R ratio, based on dimensionless analysis, provided a tool for comparison with other studies. Furthermore the relationship was used to develop a Peclet number based on advective and dispersive conditions as a control of the P/R ratio (Figure 9 ). Application of our field measurements to dimensional analysis has revealed scaling relationships and has provided a means Figure 9 . Comparison of present study with studies of net ecosystem production quantified by P to R ratio versus dimensionless abiotic groups.
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to estimate the autotrophy and heterotrophy of river systems from different geographical regions.
Conclusions
[31] Dimensional analysis revealed the form of functional dependencies between abiotic variables and periphyton abundance and activity. Periphyton distribution and stream ecosystem metabolism were measured in the forested upper watershed of the South Fork Eel River basin in northern California during a time window near the seasonal peak of algal biomass accrual. Our measurements did not account for losses to grazers, which can be significant in this system [Power, 1990; Wootton et al., 1996] . As such, our predictive relationships probably underestimate the accrual that could occur at sites, where only abiotic factors are limiting. Periphyton biomass, gross primary production rate, and ecosystem respiration rate, were controlled by local abiotic variables including stream hydraulics, photosynthetically active radiation, and nutrient concentrations. These abiotic controls were spatially variable, and their relationships with the periphyton biomass and metabolism in streams were highly nonlinear.
[32] Periphyton biomass throughout the drainage network we studied was empirically predicted by the dimensionless grouped variables we generated, including those related to stream hydraulics (B . The proposed scaling relation agreed with measurements in other streams representing a large geographic range (Figure 8) . A multiple regression analysis on the comparison of factors predicting stream metabolism revealed the availability of PAR, extent of transient storage zones (through U, B, H), and u * as control variables [Petts, 2000; Mulholland et al., 2001] . Our results support these findings, provide scaling exponents (based on our field measurements) for the selected control abiotic variables, and emphasize the importance of local stream hydraulic conditions.
[33] The autotrophic-heterotrophic balance, quantified by P to R ratios, was less than one in most of our study reaches. If this result were to hold over the course of an entire year, it could indicate allochthonous contributions to ecosystem respiration. Given the short time course of our summertime measurements, however, P/R < 1 was more likely an indication of decomposition of algal biomass fixed earlier in the season, at least in the productive main stem channels. Spatial variation in P/R ratio was empirically predictable from local stream hydraulic conditions ( Figure 9 ) and this variability was also documented in other studies [Biggs et al., 1999a; Uehlinger et al., 2000; Mulholland et al., 2001; Wang et al., 2003] . Stream aspect ratio and ecosystem Peclet number (equation (18)) are proposed as simple scaling indicators of autotrophic-heterotrophic balance in streams ( Figure 9) . We have demonstrated, with measurements collected at the Angelo Coastal Range Reserve, possible interconnections between physical, biological and chemical processes in stream environments. It is important not to loose sight of the impact of method selection on specific scaling relationships. Our dimensional analysis may provide a guide for future work in generalizing the biocomplexities of stream ecosystem processes.
